Aside from vitamins and antioxidants recommended by the Age-Related Eye Disease Study, there is no effective therapy for "dry," or atrophic age-related macular degeneration (AMD) which represents 90% of the cases. Therapies are needed to slow or retard the development of geographic atrophy (GA), and understanding Bruch's membrane pathology is part of this process. Alterations in human Bruch's membrane precede the progression of AMD by contributing to the damage of retinal pigment epithelial (RPE) cells. Given the lack of sufficient animal models to study AMD, ex vivo models of aged human Bruch's membrane serve as a useful tool to study the behavior of RPE cells from immortalized and primary cell lines as well as RPE lines derived from induced pluripotent stem cells (iPSCs). Here, we present a detailed method that allows one to determine the effects of RPE cell behavior seeded on harvested human Bruch's membrane explants from human donors, including attachment, apoptosis and proliferation, ability to phagocytize photoreceptor outer segments, establishment of polarity, and gene expression. This assay provides an ex vivo model of aged Bruch's membrane to assess the functional characteristics of RPE cells when seeded on aged/compromised extracellular matrix.
Introduction
Age-related structural changes to human Bruch's membrane, which is caused by many factors, including nitrosative and oxidative stress, exerts multiple deleterious effects on the function of retinal pigment epithelial (RPE) cells and contributes to the pathology of age-related macular degeneration (AMD) 1, 2, 3, 4, 5, 6, 7, 8, 9 . When considering cell replacement therapy for advanced atrophic AMD or geographic atrophy, treatment will likely require the transplantation of cells onto a bed of RPE cell atrophy. Age-related changes within human Bruch's membrane can adversely affect the success of transplanted RPE cell grafts, given the damage to the extracellular matrix 6, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22 . Investigating human Bruch's membrane biology and how structural changes within the matrix contribute to the progression to AMD is vital to understanding disease pathology. Thus, there is a critical need for the investigators in the age-related eye field to develop protocols that describe the ex vivo harvesting of aged and/or diseased human Bruch's membrane.
Historically, it has been difficult to model age-related disorders such as geographic atrophy and an aged human Bruch's membrane in animals 23 . This difficulty arises from multiple factors including the longevity of humans compared to rodents and other species frequently used for disease modeling, as well as the lack of a macula in most vertebrates 24 . The advantage of the method described herein is that cells can be tested directly on Bruch's membrane extracted from post mortem eyes of aged and/or diseased individuals. The overall goal of this article is to provide a detailed methodology for an ex vivo model of aged and/or diseased human Bruch's membrane, including the isolation of human Bruch's membrane explants from human donors and the seeding of RPE cells for downstream experiments. This model can serve as a relevant model to investigate the contribution of extracellular matrix damage on RPE cell function and pathology 20, 25, 26, 27, 28 . 
Protocol

Sourcing Human Donor Eyes
Harvesting of Human Bruch's Membrane Explants
1. Place each eye on a 1.5 x 1.5 inch gauze soaked with carbon dioxide-independent DMEM media in a 100 mm culture dish, and use fine blade scissors to make an incision through the sclera 3 mm posterior to the limbus and circumferentially extending in either direction. 2. Make a full-thickness circumferential incision (penetrating to vitreous) 1 mm posterior to the ora serrata. Remove and discard the anterior segment (cornea, lens, and iris), the vitreous and retina. 3. Use fine surgical scissors to make four radial incisions in between the sclera and choroid, and then peel the sclera away from the periphery to the optic nerve, while taking care to avoid tearing the choroid/Bruch's membrane complex. 4. Next, make a circumferential incision through the suprachoroidal space along the ora serrata and peel the RPE-Bruch's membrane-choroid complex posteriorly from the sclera. 5. Remove native RPE cells by bathing the explant with 0.02 M ammonium hydroxide in Dulbecco's phosphate-buffered saline (DPBS) in a 60
x 15 mm polystyrene Petri dish for 20 min at room temperature, followed by washing it three-times in DPBS (Figure 1 ). 6. Float the Bruch's membrane complex explant in carbon dioxide-free media over an unlaminated, hydrophobic 65 µm-thick polytetrafluoroethylene membrane with 0.2 µm pores, with the basal lamina layer of each explant facing the membrane. 7. Place a polytetrafluoroethylene membrane with Bruch's membrane explant on a fritted glass support in a glass microanalysis vacuum filterholder system. 8. Flatten the curled edges from the choroidal side with fine forceps coated with Teflon, taking care not to touch the Bruch's membrane basal laminin side. 9. Heat 15 mL of agarose (4% in DPBS) and then cool it to 37 °C. Then pour 15 mL of the liquidized gel onto the Bruch's membrane-choroid complex from the choroidal-side while applying gentle suction to guarantee that the explant will remain flat. Keep the tissue at 4 °C for 2 -3 min to solidify the agarose and then peel the polytetrafluoroethylene membrane away. 10. Place the Bruch's membrane explant (1.5 inches in diameter, within solidified agarose gel) in a 60 x 15 mm polystyrene cell culture dish (with Bruch's membrane facing up) that has been lined with warm liquid agarose on the bottom of the dish to fix the Bruch's membrane explant on the bottom of the well with the explant basal laminin layer facing up. 11. The agarose will solidify within 2 -3 min at room temperature to stabilize the Bruch's membrane explants in the culture dish. Cover the Bruch's membrane explants in the culture dish with DPBS and store the dish at 4 °C for future use. Figure 2A demonstrates the isolated Bruch's membrane explants in a 60 x 15 mm culture dish. 12. If the desired culture system is in a 96-well plate, place the Bruch's membrane explant (1.5 inches in diameter, with solidified agarose gel) on a flat Teflon sheet with the laminin-side up. 13. Using a trephine, cut five or six, 6 mm-circular buttons from the Bruch's membrane complex explant and place each on 4% agarose at 37 °C in a non-treated polystyrene well of a 96-well plate. The agarose will solidify within 2-3 min at room temperature to fix the Bruch's membrane explants (buttons) on the bottom of each well. NOTE: Figure 2B demonstrates trephined Bruch's membrane buttons in a 96-well plate. Typically, 9 -11 buttons or explants can be harvested from each eye.
. The effects of an aged and/or diseased human Bruch's membrane on RPE cell gene expression profile can be determined using microarray technology. We have demonstrated that RPE cell gene expression is altered when cultured on human Bruch's membrane from older individuals compared to explants from younger individuals (Figure 5) 
27
. For statistical analysis, explants from at least 3 -5 human donors are used per group. . Please click here to view a larger version of this figure.
Discussion
Aged human Bruch's membrane (extracellular matrix) contributes to the disease progression of AMD and thus there is a need to understand how this altered matrix contributes to RPE cell dysfunction. Given the lack of sufficient animal models to study age-related changes in AMD, ex vivo model systems that mimic the effects of disease can serve as a valuable tool to understand the pathophysiology. The methodology described in this manuscript can be used to consistently isolate human Bruch's membrane explants and culture RPE cells, including primary, immortalized, or stem cell-derived RPE cell lines.
As mentioned previously, human Bruch's membrane explants are sourced from the NDRI. A protocol is established with NDRI which specifies the criteria set for donor eyes to be acceptable. For example, donors must have no known retinal eye diseases, eyes/globes are retrieved within 10 h after death and globes arrive in the laboratory within 48 h after death (via overnight package delivery on ice). Specify the appropriate age range and number of eyes needed for statistical analysis of the study, e.g., five pairs of globes from donors between the ages of 20 -49 years and five globe pairs from donors between the ages of 50 -89 years.
The availability of eye globes varies, generally averaging ten pairs of globes available each month. The eye package arrives with basic, deidentified donor information: age, race, time of death, cause of death, and brief past medical history (disease listing or comorbidities).
Most importantly, harvesting human Bruch's membrane explants requires the removal of the anterior segment of the eye and vitreous, allowing for the isolation of the RPE-Bruch's membrane-choroid complex. Once the Bruch's membrane is isolated, RPE cells can be seeded onto the acellular explants at varying concentrations and cultured for downstream experiments. The preparation and procedural handling as described herein is critical, paying attention to the orientation of the isolated Bruch's membrane to make sure the laminal surface is facing-up while not touching the surface mechanically to avoid damaging the extracellular matrix surface structure.
It should also be noted that when using the Bruch's membrane explant systems, there are some variables that could affect the results of downstream experiments such as individual donor genomic background, age of the Bruch's membrane, or postmortem time of the Bruch's membrane, and the location of the Bruch's membrane, i.e., central or peripheral part of Bruch's membrane explants. As with any other human tissue study, one must recruit the appropriate donor eye sample number to have the necessary statistical power and match donor eye age if appropriate. Establishing strict criteria for accepting eyes from eye banks is a critical parameter. Only accept eyes that are enucleated less than 10 h postmortem and which the Bruch's membrane preparation can be harvested within 24 -48 h after death. The optic nerve site may be used as a marker for orientation, and use the same locations for experimental and control study groups. By taking these measures, one can minimize experimental variability.
In summary, understanding of the RPE-Bruch's membrane-choroid complex and how it is affected by age and disease is critical to understanding its contribution to the pathophysiology of AMD. Model systems that employ ex vivo techniques are a valuable tool to investigate these effects using human tissue. Herein, we describe a methodology that employs human donor explants as a relevant ex vivo model of aged Bruch's membrane. This technique allows one to use aged and/or diseased human Bruch's membrane as a research tool to investigate how structural
